Background. The ability to dynamically control fingertip force vector magnitude and direction is critical for dexterous manipulation. We quantified the dynamic control of fingertip forces to examine how dexterous manipulation declines with age.
T HE worsening of fine motor skills for manipulation, whereas not a health risk in the elderly people like loss of strength (1) and risk of falls (2) , is nevertheless a critical and little understood contributor to the decline of quality of life, social participation, and work capabilities (3) . Pickand-place standardized tests of dexterity (4-6) reveal behavioral impairments in upper extremity and hand function after the age of 65 (7) and have been of some clinical utility. These methods, however, lack the specificity and resolution to quantify in detail the dynamic control of fingertip force vectors that is so critical to dexterous manipulation. Given this unmet need, we developed the strength-dexterity (SD) test to measure dynamic dexterous manipulation, which we define as the dynamic regulation of fingertip force vector magnitude and direction. It is based on the mechanical perspective of evaluating the dynamical ability of the fingertips to stabilize unstable objects (8) (9) (10) (11) (12) (13) (14) . This simple test consists of measuring a person's ability to compress slender springs with the fingertips. The physical characteristics of each spring define how stiff, compliant, stable, and prone to buckling it is. As such, the SD test has been shown to assess the interactions among sensory, motor, and neural processing capabilities in the behavioral context of dexterous manipulation (9, 11, 12, 14) . The SD test differs from available tests of static forces and pick-and-place tasks in important ways (see Discussion section). For example, the Nine Hole Peg test (4) measures the time it takes to pick up, insert into holes, and remove nine pegs. Given that it studies the use of the whole upper extremity to grasp and orient rigid objects, an individual can apply excessive forces or adapt their kinematic trajectories to achieve the same score, and the directional control of the fingertips forces is not measured in detail.
Using the SD test to quantify dynamic dexterous manipulation is also relevant to fine manipulation in activities of daily living. The dynamic control of fingertip force vector magnitude and direction is important functionally for manipulating fragile, deformable, or small objects in daily life. Basic research studies have shown that when older people are asked to produce static fingertip forces against at Serials Section Norris Medical Library on February 10, 2015 http://biomedgerontology.oxfordjournals.org/ Downloaded from a rigid surface, they tend to misdirect (15) the force vector and fail to precisely regulate its magnitude (16, 17) , especially at low magnitudes (17) . This has been attributed to differential weakening of hand musculature or changes in the neural coupling among muscles (18) . Such deficits in the control of static fingertip force vectors could compromise force and moment balance of the object being manipulated (19) . However, these directional deficits are not observed or implicated consistently (20, 21) -and even if present, it is unclear whether and how they would affect dynamic manipulation of hand-held objects. Here we extend those studies of static force regulation and pick-and-place tasks by quantifying the dynamical control of fingertip force vector magnitude and direction in middle-aged and older adults.
Methods
Ninety-eight adults (18- 
Instrumentation and Experimental Procedure to Quantify Dexterous Manipulation
The instrumentation and experimental procedure for the SD test are described in detail in Dayanidhi et al. (13) . Briefly, a helical compression spring (stiffness = 0.86 N/cm, length = 3.96 cm, solid length = 0.6858 cm, outer diameter = 0.9525 cm, wire diameter = 0.0508 cm, # 4268; Century Springs Corp., Los Angeles, CA) was used ( Figure 1A) . The spring was chosen to fit comfortably between the thumb and index finger and provide high resolution while requiring only very low forces (<3N; Figure 1B Specialties, Hampton, VA) were mounted at the spring endcaps ( Figure 1B) . The data were sampled at 400 Hz using a custom written MATLAB program (Natick, MA) and a deadweight calibration procedure was used for conversion from voltage to force. The goal of the task was to use the index finger and thumb of the dominant hand to maintain a sustained compression at their maximal level of instability. The slender spring for the task was such that increased compression would lead to an increase in instabilities (9, 13) . After a brief familiarization with the task, participants were asked to compress the spring as close as possible to the point beyond which the device will slip from their hand, that is, their maximal level of instability, and maintain that level of compression at a steady level for at least 3 seconds ( Figure 1C ). The participants were repeatedly encouraged to push their limits to ensure they were being tested to their true abilities. At least three trials with the compression maintained for at least 3 seconds at their maximal abilities were collected per participant.
In addition, pinch strength with the index finger and the thumb of the dominant hand using a tip-to-tip pinch was measured using a clinical pinch meter (B&L Engineering, Tustin, CA). To compare with the standardized tests of dexterity, we used one measure of "gross dexterity" (Box and Blocks test) (22) and one of "fine dexterity" (Nine Hole Peg test [9HP]) (4) in our middle-aged and older adults (n = 66). The former counts the number of blocks an individual can move across a partitioned box in 1 minute, whereas the latter measures the time it takes to pick up nine small, narrow pegs individually from a shallow well, fix them into holes, and then remove them one by one back into the well.
Data Reduction
As described in detail in Dayanidhi et al. (13), a custom MATLAB (Mathworks, Natick, MA) program was used to visually identify the sustained compression plateaus based on the force and force rate. The average of the thumb and index finger time series was used to create a representative compression force ( Figure 1 ). The sustained compression plateau was defined as the period of at least 3 seconds for which the rate (first time derivative) of force was bounded within one standard deviation of the mean force rate for that same period. For each participant, as in Venkadesan et al. (9) and Dayanidhi et al. (13) , the mean of the representative force during the sustained compression plateau ( Figure 1C ) was calculated for all attempts and three maximal values were averaged to create a metric for dexterous manipulation ability for the SD test, which we call Dynamic Manipulation Score, in units of gram force (gmf).
Lastly, we examined the data in the phase space (23) to characterize the dynamics and variability of how the participants controlled the instability during the sustained compression plateau (Phase portraits are an invaluable tool in studying dynamical systems. They consist of a plot of trajectories in the state space-in this case the fingertip forces vs their derivatives. This reveals dynamical characteristics such as whether an attractor, a repellor or limit cycle is present for the fingertip forces, and how strong are those tendencies.). As described previously (13), we plotted F versus F ̇ versus F , where F is force, F ̇ is force rate (velocity) and F̈ is change in force rate (acceleration). As a measure of dispersion and strength of the control attractor produced by the neuromuscular system, that is, how strongly the system was able to maintain that current state, we calculated the sum of Euclidean distances of the trajectories in the phase space during the maximal sustained compression plateau normalized to the time of the plateau, that is, Euclidean distance/second. Greater dispersion could be considered an indication of a weaker attractor, that is, a weaker neuromuscular controller enforcing the constant sustained compression and consequently an inability to minimize variability in the current state.
Data Analysis
The independent variables were age distributions (18-34, 45-65, 66-89), whereas the dependent variables were the dynamic manipulation score, phase portrait dynamics, Nine Hole Peg test, Box and Blocks test, and the maximal pinch strength. To test the effect of age, we performed one-way ANOVAs with age distribution as the independent variable versus dynamic manipulation score and phase portrait dynamics. Linear regression models were created to evaluate shared variances between (i) age and dynamic manipulation score; (ii) pinch strength and dynamic manipulation score; (iii) dynamic manipulation score, Box and Blocks test, and Nine Hole Peg test; (iv) age and dynamic manipulation score, Box and Blocks test, Nine Hole Peg test, and pinch strength; and (v) phase portrait dynamics, Box and Blocks test, and Nine Hole Peg test. A stepwise regression model was used to evaluate percentage contribution to variance in age by dynamic manipulation score, Nine Hole Peg test, Box and Blocks test, and pinch strength.
Results

Change in Dexterous Manipulation Abilities With Age
There was a negative association of dynamic manipulation score with age (p < .001, r 2 = .28, Figure 2) . A oneway ANOVA revealed significant differences (p < .001, F 2,30 = 17.99) across the three age groups (18-34, 45-65, 66-89 years.). Scheffe's post hoc test revealed significant pair wise differences among all three age groups. Dynamic manipulation score was reduced across the three age groups (mean ± SEM in gmf); 213.79 ± 6.8, 185.73 ± 6.6, and 156.15 ± 6.8, for the young, middle, and older ages, respectively.
Relationship Between Dynamic Manipulation Score and Maximal Pinch Strength
We found no significant association (p = .07) between maximal pinch strength and dynamic manipulation score. Two participants detected to be outliers were not included for the analysis. Although including them does show a significant association (p < .05), the main result remains: only 7% of the variance (r 2 = .07) in dynamic manipulation can be explained by the variance in pinch strength.
Relationship Between Dynamic Manipulation Score and Standardized tests of Dexterity
Similarly, no significant association was observed between the standardized tests (Box and Blocks, Nine Hole Peg) and the dynamic manipulation score (p = .21, Table 1 ). However, there was a correlation between the Box and Blocks and Nine Hole Peg tests (p < .001, r = .67) with a common variance of 46%. A multiple regression model of Box and Blocks, Nine Hole Peg, dynamic manipulation score, and pinch strength versus age was significant (p < .001, R 2 = .30), and a stepwise regression indicated that only the two metrics of finger dexterity (Nine Hole Peg and dynamic manipulation score) accounted for 28% of this variance with age. That is, measures of "fine manipulation" could explain most of the variance seen with age.
Change in Dynamic Control of Instabilities With Age and Its Association With Standardized tests of Dexterity
There were significant differences in the dispersion of the phase portraits, that is, Euclidean length, with age seen on a one-way ANOVA (p < .001, F 2,30 = 5.79). Scheffe's post hoc test revealed the differences were only present between the younger (18-34, 23.93 ± 3.5) and middle (45-65, 34.88 ± 3.4) age group and between the younger and the older (66-89, 40.46 ± 3.5) age group (Supplementary Figure 1) . The Euclidean length was correlated with the Nine Hole Peg test (p < .01, r = .32) but not with the Box and Blocks test.
Discussion
We find that individuals older than 65 were poorer in dexterous manipulation, compared with middle-aged and Figure 2 . Differences in the dynamic manipulation score across the age groups. The 98 participants from 18-89 years show a decline across the age groups; young adults (magenta) middle-aged adults (blue) and older adults (red).
at Serials Section Norris Medical Library on February 10, 2015 http://biomedgerontology.oxfordjournals.org/ Downloaded from younger individuals, consistent with prior work on various aspects of hand function (6, 15) . However, our experimental paradigm now allows us to go beyond prior findings that focused on static force production and pick-and-place tasks because we detect poorer sensorimotor function for dynamic manipulation with the fingertips (8,9,12) even in those older than 45. Our novel application of the SD test in adult populations allows us to specifically detect poorer dynamical control of the fingertip force vectors of the thumb and index finger to stabilize a hand-held object. The clear increase in dispersion in our phase space analysis in both the middle-aged and older participants are indicative of deficits in neuromuscular control. Furthermore, our results suggest that these changes in neuromuscular control are functionally distinct from the loss of strength in healthy aging or the changes in upper extremity function detected by the Nine Hole Peg and Box and Blocks tests.
Our results extend in several ways the study by Cole (15) that showed individuals older than 73 had a compromised ability to direct static fingertip forces. Firstly, we show this decline is also true for the sensorimotor ability to dynamically regulate the magnitude and direction of fingertip force vectors during the manipulation of unstable objects. Secondly, we can in more detail point to changes in dexterous manipulation ability, specifically a reduction in dynamic manipulation score and increase in dispersion in the phase space that are seen even in middle age-which extends the work of Lindberg (17) and Marmon (24) into the dynamical domain. Thirdly, we also go beyond three limitations of the previous study by Cole (15) by (i) presenting a cross-sectional sample across the whole adult age range from 18 to 89 years; (ii) including a larger number of participants (n = 98 vs n = 20), and (iii) making the task a true dynamic manipulation task between the thumb and index finger, as opposed to a single digit-tracking task of producing static forces against a rigid surface.
SD test Versus Standardized tests of Dexterity
The standardized tests of dexterity used in this study (ie, Nine Hole Peg and Box and Blocks) do not share any variance in common with the dynamic manipulation score of the SD test. Our regression analyses show that most of the variance with age was explained just by the SD test and Nine Hole Peg test. Although the mean dispersion of the phase portraits did correlate with the Nine Hole Peg test, that shared variance was only 10%. This correlation might reflect reduced steadiness in the older participants (24) . The similarity among these tests is only that the participants need to pick up an object, and our calculation of the dynamic manipulation score is not influenced by the ability to pick up and orient objects. Rather, it focuses on the ability to dynamically regulate fingertip force magnitude and direction to control instabilities once the object has been grasped. This is different from the static grasp of rigid objects in the standardized tests and is critical for manipulating the fragile, deformable, small, or compressible objects of daily life. During development, manipulation across a range of forces (0-80 N) have been shown to have some shared variance with the Box and Blocks test and to also have its own unique latent trait (10) . As in the case of typically developing children (13), here we focus on manipulation with low-magnitude forces (0-3 N) common for many activities of daily living (25) . Consequently, we conclude that the SD test captures some sensorimotor capabilities for dexterous manipulation that the standardized tests of dexterity do not. Moreover, it is arguable that those tests exaggerate the importance of time to complete the task as a surrogate for a number of factors including control of fingertip force direction, do not require a critical regulation of force, and have a number of confounds including sequence planning, appropriate spatial orientation, cognitive abilities, motivation, and the use of whole arm movements all of which might not be directly related to manipulation abilities. In contrast, the SD test infers the immediate appropriateness of dynamic regulation of force magnitude and direction at time scales directly relevant to the stability of the manipulation task.
Sensorimotor/Cortical Factors
The SD test has been shown to assess the integrative sensorimotor ability to produce dexterous manipulation involving tactile sensation, joint and muscle proprioception, and spinal cord and brain function (8, 9, 11, 12) . Therefore, much like we discuss in the case of development (13) , there are a number of age-related changes in the sensorimotor system that can account for the observed decline. From early adulthood, there are some degenerative changes in brain volume, in cortical areas of the sensorimotor system (26) , and in the diffuse cortical circuits associated with precision grasp behavior (11, 12, 27, 28) . In addition, slowing of central and peripheral (motor and sensory) conduction velocities have been observed in people older than 60 years of age (29) , but its significance for dexterous manipulation is not known. Finally, even if changes in tactile sensibility and vision do play a role in the decline of manipulation (30)-with vision compensating to some extent for lack of tactile sensibility (9)-their impairments are unable to fully explain the declines in manipulation abilities (20) . A limitation of this study is that we did not include data from tactile measurements nor did we systematically study the effect of vision-as we have done in young adults (9) . Furthermore, our participants might have had underlying pathologies that were nonsymptomatic that might also influence our findings. Further study is needed to establish the relative contributions of age-related changes in central versus peripheral and sensory versus motor mechanisms to the clear qualitative change in neuromuscular control of fingertip force dynamics (Supplementary Figure 1) .
Muscular and Motor unit Factors
Tip-to-tip static pinch strength is relatively stable until around 60 years of age, followed by a gradual decline (31). But we detected poorer performance of the SD test starting in middle age. This reinforces the observation that the early change in dexterous manipulation capabilities we report are probably not related to static pinch strength. In addition, we have already observed poor correlation between pinch strength and dexterous manipulation score in prior studies in children (13) and adults (9) .
Even fingertip forces of magnitudes approximately 2 N, such as that used for the SD test, can recruit c. 50% of the motor units of the first dorsal interosseous (32), perhaps to improve the resolution of control (33) . Force steadiness in maintaining force even at low values has been observed to be worse in older adults (34) , likely due to loss of alpha motor neurons and the subsequent reinnervation leading to increased number of muscle fibers per motor unit (1), poorer resolution of forces, and consequently increased signal-dependent noise. This partly contributes to changes in pick-and-place tests such as a Pegboard test (24) . The reduction in force steadiness, by injecting noise into the already unstable task of compressing the spring, could potentially be a reason for decline in the dynamic manipulation score seen in the older people-and supports our findings of changes in the phase portrait during sustained compression (Supplementary Figure 1, Table 2 ).
Dynamical Analysis via Phase Portraits
The dynamical analysis during the sustained compression provides an indirect understanding of the stability and effectiveness of the neuromuscular controller. Previously, steadiness has been reported to be lower in older adults (but not in middle-aged adults) and to be associated with functional tasks (24) . The SD test uses the inherent instability of the spring to challenge the brain-hand system to use fingertip forces to stabilize the system (9). Both middle-aged and older adults had a weaker attractor-evidenced by greater dispersion in the phase space (Supplementary Figure 1) and consequently a less stable performance (ie, weaker corrective action and more likely to go unstable). In contrast, young adults were seen to have a stronger attractor, successful at maintaining a lower dispersion in the phase portrait (ie, stronger corrective action that reduced dispersion). Although the physiological basis and localization of these differences are not entirely known from the middle age onward, one can consider that the brain-hand system exhibits declining ability to enforce an attractor (or a change in control strategy) that has consequences to the maximal instability that can be sustained (35) . Disambiguating the differential roles of muscle mechanics, spinal cord, and brain function for this dynamical ability requires careful studies combining, for example, electromyography (EMG), EMG-weighted average (36), Hoffmann's reflex, and transcranial magnetic stimulation while participants control different levels of instability.
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Supplementary material can be found at: http://biomedgerontology. oxfordjournals.org/
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